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ABSTRACT
We discuss the electromagnetic radiation from newborn binary black holes (BBHs). As a consequence
of the evolution of massive stellar binaries, a binary consisting of a primary black hole (BH) and a
secondary Wolf-Rayet star is expected as a BBH progenitor system. We investigate optical transients
from the birth of BBHs powered by the Bondi-Hoyle-Lyttleton accretion onto the primary BH, which
occur ∼ 1−10 Gyr earlier than gravitational wave signals at the BH-BH merger. When the secondary
massive star collapses into a BH, it may eject a fraction of its outer material and may form a disk
around the primary BH and induces a powerful disk wind. These primary-induced winds can lead to
optical transients with a kinetic energy of ∼ 1047 – 3×1048 erg, an ejecta velocity of 108 – 109 cm s−1,
a duration of a few days, and an absolute magnitude ranging from about −11 to −14. The light
curves and late-time spectra of these transients are distinctive from those of ordinary supernovae,
and detection of this type of transient is possible by future optical transient surveys if the event rate
of this transient is comparable to the merger rate of BBHs. This paper focuses on the emissions
from disk-driven transients induced by the primary BH, different from the first paper that focuses on
wind-driven transients from the tidally-locked secondary massive star.
Keywords: supernovae: general — black hole physics — binaries: close — gravitational waves —
accretion, accretion disks
1. INTRODUCTION
The detections of gravitational waves (GWs) by the
advanced Laser Interferometer Gravitational-wave Ob-
servatory (LIGO; Abbott et al. 2016a,b, 2017) bring
us a major new mystery of astrophysics: the for-
mation process of binary black holes (BBHs) of ∼
30M⊙. The evolution of isolated massive stellar bina-
ries (e.g., Tutukov & Yungelson 1993; Kinugawa et al.
2014; Marchant et al. 2016) is a straight-forward sce-
nario, although other possibilities are also actively
discussed, such as binaries of primordial black holes
(e.g., Nakamura et al. 1997) and dynamical formation
in dense stellar clusters (e.g., Sigurdsson & Hernquist
1993; Fujii et al. 2017). The mass, spin, and redshift
distributions of merging BBHs, which will be provided
in future GW observations, are useful to distinguish the
formation scenario of BBHs (e.g., Kushnir et al. 2016).
Another way to probe the environment of BBH for-
mation is searching for electromagnetic radiations from
newly born BBHs. These signals are not coincident
with GW signals, since the merger events of BBHs typ-
ically take place ∼ 0.1 − 10 Gyr after their formation.
According to typical binary evolution scenarios, BBHs
are formed through the gravitational collapse of a sec-
ondary Wolf Rayet (WR) star in WR-BH binaries (e.g.,
Belczynski et al. 2016). There are two possibilities fol-
lowing the collapse, depending on the spin of the WR.
The spin of the WR is determined by the tidal syn-
chronization, whose time scale is estimated to be tTL ∼
107(tmer/1 Gyr)
17/8 yr, where tmer = 5c
5a4/(512G3M3∗ )
is the GW inspiral time (M∗ is the primary mass and a
is the binary separation), and we assume q = 1 for sim-
plicity (Zahn 1977; Tassoul 1987; Kushnir et al. 2016).
This timescale is very sensitive to M∗ and a, so that
both tidally locked and unlocked systems are possible.
For M∗ ∼ 10 M⊙ and a ∼ 10
12 cm, the synchroniza-
tion timescale is estimated to be tTL ∼ 1.2 × 10
8 yr,
which is much longer than the typical evolution time of
massive stars (∼ 106 yr). In this case, the spin of the sec-
ondary is expected to be so slow that the secondary star
can collapse directly to a BH 1. However, even in such
1 Even if the binary separation is very small, both the centrifu-
2cases, the sudden gravitational potential change due to
neutrino loss may lead to a weak explosion (Nadezhin
1980). Although the explosion itself is dim, brighter
transients may be caused by the primary BH if the bi-
nary separation is sufficiently small. A fraction of the
ejecta from the weak explosion should be gravitationally
captured by the primary BH via Bondi-Hoyle-Littleton
accretion (Hoyle & Lyttleton 1939; Bondi 1952). This
accreting material will form a disk around the primary,
which results in a powerful wind2 (Ohsuga et al. 2005).
This wind, in turn, injects a considerable amount of en-
ergy into the rest of the ejecta, leading to a Primary-
Induced Accretion Transient (PIAT). The schematic
outline of a PIAT is shown in Figure 1.
On the other hand, for more massive systems of
M∗ ∼ 10
1.5 M⊙ and a ∼ 10
12 cm, the synchronization
time is shorter than the evolution timescale of massive
stars, (tTL ∼ 7.5 × 10
4 yr). Then, the spin of the sec-
ondary can be tidally synchronized to its orbital period
(cf. Detmers et al. 2008; Yoon et al. 2010). In this case,
the outer material of the secondary star has sufficient
angular momentum to form a disk as it gravitationally
collapses. The disk is massive enough to produce a pow-
erful wind, which results in a Tidally-Locked Secondary
Supernova (TLSSN). A bright radio afterglow is also
expected owing to the high kinetic energy of the wind.
These TLSSNe are discussed in the accompanying paper
(Kimura et al. 2017a, ; Paper I).
Both PIATs and TLSSNe are caused by winds from
accretion disks when BBHs are formed through bi-
nary evolution. Optical transients caused by such
winds have also been considered in the context of
hypernovae or neutron star mergers with radioactive
nuclei (MacFadyen & Woosley 1999; Price & Rosswog
2006; Kasen et al. 2015; Kiuchi et al. 2015), super-
luminous supernovae (Dexter & Kasen 2013), single BH
formation (Kashiyama & Quataert 2015) and BH merg-
ers (Murase et al. 2016).
In this paper, we focus on PIATs, in which the binaries
are not tidally synchronized. We analytically estimate
the wind luminosity in Section 2, and calculate the fea-
tures of the resulting optical transient in Section 3. We
discuss the observational prospects and caveats in Sec-
tion 4, and summarize our results in Section 5. We use
the notation of A = Ax10
x throughout this work.
2. DISK-DRIVEN WIND FROM THE PRIMARY
BLACK HOLE
gal and Coriolis forces do not affect the disk formation process
following the collapse of the WR star.
2 We use “wind” for outgoing material from the accretion disk,
“ejecta” for ejected material from the outer surface of the WR.
We consider a massive binary system consisting of a
primary BH and a secondary WR. The binary parame-
ters are: the mass of the secondary WR M∗ = 10 M⊙,
the radius of the WR R∗ = 10
11.5 cm 3 , a separation
a = 1012 cm, and a primary mass MBH. Hereafter, we
fix MBH =M∗ for simplicity. The orbital velocity of the
BH is vorb =
√
GM∗/(2a) ≃ 4.6×10
7M
1/2
∗,1 a
−1/2
12 cm s
−1.
When the WR collapses to a BH, its outer material of
mass Mej ∼ 10
−2M⊙ may be ejected (Ferna´ndez et al.
2017). The ejecta velocity is comparable to the escape
velocity,
Vej,i≈ ξVesc = ξ
√
2GM∗
R∗
(1)
≃ 1.8× 108M
1/2
∗,1 R
−1/2
∗,11.5ξ0.3 cm s
−1,
where ξ ∼ 2 is a correction factor relative to the es-
cape velocity. This ejecta velocity is always higher than
the orbital velocity. The kinetic energy of the ejecta is
estimated to be
Eej,i =
1
2
MejV
2
ej,i ≃ 3.3× 10
47M∗,1R
−1
∗,11.5Mej,−2ξ
2
0.3 erg,
(2)
This expelled ejecta amounts to an explosion en-
ergy comparable to the gravitational energy loss
due to the neutrino radiation (Nadezhin 1980;
Lovegrove & Woosley 2013).
We assume that the ejecta is in homologous expan-
sion. The density profile inside the ejecta is often pa-
rameterized through a power-law form with index 0–1
(e.g. Li & Paczyn´ski 1998; Kasen & Bildsten 2010), and
here we assume a uniform density (index = 0) for sim-
plicity. The velocity profile inside the homologously ex-
panding ejecta is written as V (R) = R/t′ (t′ = 0 is the
time when the secondary collapses). During the expan-
sion, as the velocity at fixed radius decreases with time,
the gas that has a velocity lower than Vesc cannot es-
cape to infinity. We can introduce a threshold velocity,
Vthr = Vescχ
′ = Vesc
√
1−R∗/a, such that the material
with V (R∗) < Vthr is not ejected and falls back into the
secondary. Note that for this threshold velocity, all the
material that can reach the position of the primary is
ejected. Then, the density of the ejecta at R = a can be
expresed as
ρej,m ≈
3Mej
4pia3
(
t′
t′arr
)−3
(Θ(Vej,it
′
− a)−Θ(Vthrt
′
− a)) ,
(3)
3 The radii of WR stars are somewhat uncertain. An
atmospheric model suggests R∗ ∼ 2 × 1011 cm (Crowther
2007). Stellar evolution models predict a relation R∗ ∼ 7 ×
1010(M∗/10 M⊙)0.7 cm (Schaerer & Maeder 1992; Kushnir et al.
2016), while a binary evolution model shows that the lighter sec-
ondary makes the radius larger, R∗ ∼ 1012 cm for M∗ ∼ 5M⊙
(Yoon et al. 2010).
3Figure 1. Schematic picture of the primary-induced accretion transients considered in this work. (a) At the birth of a BBH, a
small amount of material is ejected by the secondary BH. It accretes onto the primary BH, forming a disk around the latter.
(b) A disk-driven wind is launched. (c) Thermal radiation diffusively escape from the ejecta, while a fraction of the ejecta falls
back onto the primary BH.
where Θ(x) is the Heaviside step function and t′arr =
a/Vej,i is the arrival time of the ejecta at the primary
position. The fraction of the fallback matter is small,
Mfb/Mej ≈ (Vthr/Vej,i)
3 ≃ 7.1× 10−2ξ−30.3χ
′3
−0.083.
After t′ > t′arr, the ejecta accretes onto the primary
BH. Assuming that the sound speed in the ejecta is
small due to adiabatic expansion, the accretion radius
is Racc = GMBH/(V
2
a + v
2
orb) ≈ GMBH/V
2
a , where
Va = a/t is the ejecta velocity at R = a (Edgar 2004).
Since Racc < a is satisfied, we can estimate the accre-
tion rate to be given by the Bondi-Hoyle-Lyttleton rate
(Shima et al. 1985; Edgar 2004)
M˙B-H≈ 4piR
2
accρej,m
√
V 2a + v
2
orb ≈
3Mej(GMBH)
2
a3V 3ej,i
(4)
≃ 8.7× 10−9M
1/2
∗,1 R
3/2
∗,11.5Mej,−2a
−3
12 ξ
−3
0.3 M⊙ s
−1.
For our conditions this accretion rate is approximately
constant in time, and much higher than the Ed-
dington accretion rate, M˙Edd = LEdd/c
2 ≃ 7.0 ×
10−16M∗,1 M⊙ s
−1. The duration of this high accretion
rate is
tdur = t
′
stop − t
′
arr ≃ 7.7× 10
3M
−1/2
∗,1 R
1/2
∗,11.5a12χ−0.16 s,
(5)
where t′stop = a/Vthr and χ = (ξ − χ
′)/(ξχ′) ≃ 0.7 for
the reference parameters. After this time, the accre-
tion stops because there is no gas around the primary
due to the fallback. The total accreted mass, Macc ≈
M˙B-Htdur ≃ 6.7 × 10
−5R2∗,11.5Mej,−2a
−2
12 ξ
−3
0.3χ−0.16 M⊙,
is much smaller than Mej.
The accreted gas, due to its orbital angular mo-
mentum, forms a disk surrounding the primary BH
(de Val-Borro et al. 2009; Huarte-Espinosa et al. 2013),
The high accretion rate leads the disk to the advec-
tion dominated regime (Abramowicz et al. 1988), where
the wind production is expected (Narayan & Yi 1994;
Blandford & Begelman 1999). Numerical simulations
suggest the existence of powerful disk winds for ul-
traluminous X-ray sources via radiation (Ohsuga et al.
2005; Jiang et al. 2014) and gamma-ray bursts via
viscous heating and/or magnetohydrodynamic turbu-
lence (MacFadyen & Woosley 1999; Dessart et al. 2009;
Ferna´ndez & Metzger 2013; Kiuchi et al. 2015). We
assume that the wind is almost isotropic, a frac-
tion ηw ∼ 1/3 of the accreted material going into
the wind, whose velocity is approximately constant,
Vw ∼ 10
10 cm s−1. These values of ηw and Vw are
consistent with recent radiation magnetohydrodynamic
calculations (Takahashi & Ohsuga 2015; Narayan et al.
2017) and observations of ultrafast outflows in quasars
(Hagino et al. 2015), although these values have large
uncertainty. The luminosity and the total energy of the
4wind are
Lw≈
1
2
ηwM˙B-HV
2
w ≃ 2.7× 10
44M
1/2
∗,1 R
3/2
∗,11.5
×Mej,−2a
−3
12 ξ
−3
0.3η−0.5V
2
10 erg s
−1, (6)
Ew≈Lwtdur ≃ 2.1× 10
48R2∗,11.5Mej,−2
×a−212 ξ
−3
0.3χ−0.16η−0.5V
2
10 erg. (7)
Note that although the opening angle of the wind is
large, it is not isotropic and probably does not cover the
entire solid angle (see panel (b) of Figure 1). We assume
that the mass accretion onto the BH is not quenched by
the wind.
As the material accretes onto the BH through an ac-
cretion column behind the BH, the resulting accretion
disk is initially covered by the ejecta, before producing
the wind (see the panel (a) of Figure 1). Thus, the wind
is, at least initially, confined within the ejecta. When
the wind collides with the ejecta, the forward shock and
reverse shock propagate in the ejecta and the wind, re-
spectively. All the kinetic energy of the wind dissipated
in the reverse shock is converted into radiation energy
efficiently (see Subsection 4.2). Since the photons pro-
duced are trapped in the ejecta, they can accelerate or
heat up the ejecta.
3. PRIMARY-INDUCED-ACCRETION
TRANSIENTS FROM NEWBORN BBHS
(BBH-PIATS)
3.1. PIAT-I: The cases with Ew > Eej,i
As a fiducial case, we consider the cases with Ew >
Eej,i, where the radiation energy injected by the wind
accelerates the ejecta in a sound crossing time. We
approximately consider the instant acceleration of the
ejecta, since sound crossing time is shorter than the
photon diffusion time. For t < tdur (t = t
′ − t′arr),
during which the wind is produced, the ejecta veloc-
ity is estimated to be Vej ≈
√
Lwt/Mej ∝ t
1/2, and
the ejecta radius is Rej ≈ Vejt ∝ t
3/2. The total in-
ternal energy inside the ejecta is determined by the
balance between adiabatic losses and energy injection,
Eint/tdyn ∼ Lw, where tdyn = Rej/Vej ≈ t. This leads
to Eint ≈ Lwt ∝ t. Although the ejecta confines the
bulk of the photons, a small fraction of photons can dif-
fuse out from the surface of the ejecta. This photon
diffusion luminosity evolves as Lph ∼ Eint/tph ∝ t
5/2,
where tph ≈ Rejτ/c ∼ Mejκ/(cRej) (τ ≈ ρejκRej and κ
is the opacity4). The effective temperature is estimated
to be Teff = (Lph/(4piσR
2
ej))
1/4 ∝ t−1/8, where σ is the
Stefan-Boltzmann constant.
4 Note that the ejecta density ρej is different from the ρej,m
representing the ejecta density that is not accelerated by the wind.
When the wind stops at t = tdur, the ejecta velocity is
estimated to be Vej,c ≈
√
2Ew/Mej, and the internal en-
ergy is Eint ≈ Ew. For t > tdur, the ejecta velocity is ap-
proximately constant Vej = Vej,c, and the radius evolves
as Rej ≈ Vej,ct. The adiabatic expansion determines the
evolution of the internal energy, dEint/dt = Eint/tdyn.
This leads to Eint ≈ Ewtdur/t. In this phase, there is
a cavity inside the ejecta, so the density is written as
ρej ≈Mej/(4piR
2H) ∝ t−3, where H ∝ Rej is the thick-
ness of the ejecta. The photon diffusion time is esti-
mated to be tph ≈ RejHρejκ/c ∝ t
−1. The luminos-
ity of the diffusing photons is then constant in time,
Lph ∼ Eint/tph ∝ t
0. The effective temperature evolves
as Teff ∝ (Lph/R
2
ej)
1/4 ∝ t−1/2. This phase continues
until the radiation breakout time at which the bulk of
the photons escape from the ejecta,
tbo≈
√
κMej
4picVej,c
≃ 1.5× 105R
−1/2
∗,11.5
×M
1/2
ej,−2a
1/2
12 ξ
3/4
0.3 χ
−1/4
−0.16η
−1/4
−0.5 V
−1/2
10 s, (8)
where we use κ ≃ 0.2 cm2 g−1 that corresponds to fully
ionized helium. The internal energy at the radiation
breakout time is Ebo ≈ Ewtdur/tbo. The luminosity and
effective temperature at the radiation breakout time are
then computed as
Lbo≈
Ebo
tbo
≃ 7.1× 1041M
−1/2
∗,1 R
7/2
∗,11.5
×a−212 ξ
−9/2
0.3 χ
5/2
−0.16η
3/2
−0.5V
3
10 erg s
−1, (9)
Teff,bo=
Lbo
4piσR2bo
≃ 2.1× 104M
−1/8
∗,1 R
5/8
∗,11.5M
−1/4
ej,−2
×a
−1/4
12 ξ
−3/4
0.3 χ
1/2
−0.16η
1/4
−0.5V
1/2
10 K, (10)
where Rbo = Vej,ctbo. For t > tbo, the photon diffu-
sion determines the internal energy, dEint/dt ∼ Eint/tph.
Then, the internal energy decays as exp(−t2/(2t2bo)), so
both Lph and Teff decreases rapidly. We show the evo-
lution of Lph and Teff in the upper panel of Figure 2.
We plot the UV (150 nm), U band (365 nm), and R
band (658 nm) absolute AB magnitudes in the lower
panel. Since the optical depth τ > 1 is satisfied for
the times of interest, we use the Planck spectra corre-
sponding to Teff . The peak magnitude and duration are
around −14 and 3 days for U band, respectively, with
longer duration for the longer wavelength. These tran-
sients may be distinguishied from usual SNe by means of
their bluer color and shorter duration. They can also be
distinguished from macronovae/kilonovae because they
show helium lines, as is the case also for TLSSNe (see
Paper I). Note that the recombination of helium takes
place at T < 104 K, which may affect the light curves for
later time of t
∼
> 3 days. Note also that PIATs are dim-
mer and of longer duration, compared to the TLSSNe
5Figure 2. Upper panel: time evolution of the bolometric lu-
minosity Lph (blue-solid) and the effective temperature Teff
(red-dashed) for PIAT-I. Lower panel: time evolution of ab-
solute AB magnitudes for the UV range (150 nm, black-
solid), U band (blue-dashed), and R band (red-dotted) for
PIAT-I. The parameters are M∗ = 10 M⊙, R∗ = 10
11.5 cm,
a = 1012 cm, ξ = 100.3, ηw = 10
−0.5, and Vw = 10
10 cm s−1.
discussed in Paper I.
3.2. PIAT-II: The case with Ew < Eej,i
For the cases with Ew < Eej,i, for example a = 10
12.5
cm and with the other parameters the same as the fidu-
cial values, the ejecta is not accelerated by the wind.
However, even in this case, the ejecta acquires a signif-
icant amount of internal energy from the wind, result-
ing in a somewhat brighter transient than that without
winds (see Section 3.3). The model with lower value of
ηw and/or Vw also leads to this regime.
The evolutionary features of the transient are similar
to those in Section 3.1 except for Vej = Vej,i for the entire
evolution. For t < tdur, Rej ≈ Vej,it ∝ t, and the internal
energy is Eint ≈ Lwt ∝ t. The photon diffusion time is
tph ∝ t
−1, so that Lph ∝ t
2 and Teff ∝ t
0. For tdur < t <
tbo, the time evolutions of the physical quantities are the
same as those in Section 3.1: Lph ∝ t
0 and Teff ∝ t
−1/2.
Figure 3. Same as Figure 2, but for the case with PIAT-II
(a = 1012.5 cm).
The photon breakout time is estimated to be
tbo ≈
√
κMej
4picVej,i
≃ 2.4×105R
1/4
∗,11.5M
−1/4
∗,1 M
1/2
ej,−2ξ
−1/2
0.3 s.
(11)
The luminosity and effective temperature at the break-
out time are
Lbo ≃ 5.4× 10
40R2∗,11.5a
−1
12.5ξ
−2
0.3χ
2
−0.26η−0.5V
2
10 erg s
−1,
(12)
Teff,bo ≃ 1.4× 10
4M
−1/8
∗,1 R
5/8
∗,11.5M
−1/4
ej,−2a
−1/4
12.5
ξ
−3/4
0.3 χ
1/2
−0.16η
1/4
−0.5V
1/2
10 K. (13)
Figure 3 shows the time evolutions of Lph, Teff (upper
panel), and the absolute AB magnitudes for UV (150
nm), U band, and R band (lower panel). This model is
roughly an order of magnitude dimmer than the previous
PIAT-I, although the features of the light curves are
similar. Also, the effect of helium recombination would
be important for the late times of t
∼
> 3 days, as is for
the PIAT-I.
63.3. Failed SNe
In the cases where Ew ≪ Eej,i, taking for example a
separation a
∼
> 1013 cm and/or the wind parameters
ηw ∼< 0.1 and Vw ∼< 0.1c, with the other parameters
the same as the reference values, the energy injection
by the wind is less important. Instead a weak explosion
with the initial ejecta energy of Equation (2) may occur.
We assume the initial internal energy of the ejecta is
similar to Eej,i. The radiation breakout time is the same
as Equation (11). Considering an adiabatic evolution,
Eint ∝ t
−1 ∝ R−1ej , the internal energy at the breakout
time is Ebo ≈ Eej,iR∗/(Vej,itbo). The luminosity and the
effective temperature are then
Lbo ≈
Ebo
tbo
≃ 1.0× 1040M∗,1ξ
2
0.3 erg s
−1. (14)
Teff,bo ≃ 9.2× 10
3M
1/8
∗,1 R
1/8
∗,11.5M
−1/4
ej,−2ξ
3/8
0.3 . (15)
This event is dimmer than the PIATs considered above.
Such failed SNe could however be more luminous if some
amount of radioactive nuclei are produced or are in-
cluded inside the ejecta (Moriya et al. 2010).
4. DISCUSSION
4.1. Observational prospects
For the nominal parameters adopted, one may ex-
pect an event rate for these transients similar to the
LIGO event rate, ∼ 10− 200 Gpc−3 yr−1 (Abbott et al.
2016a, 2017). Using the PIATs’ absolute magnitude of
-14, the distance at which they would be detectable
with current surveys with sensitivities of ∼ 21 mag
is around 100 Mpc, and the event rate within this
distance is 0.04–0.8 yr−1. Thus, if the event rate
for PIATs is in the higher range of the expected val-
ues, it is possible to detect PIATs with current sur-
veys, such as the Panoramic Survey Telescope & Rapid
Response System (Pan-STARRS; Hodapp et al. 2004),
the Palomar Transient Factory (PTF; Law et al. 2009),
and the Kiso Supernova Survey (KISS; Morokuma et al.
2014). For future projects with sensitivity of ∼ 25
mag, e.g., the Large Synoptic Survey Telescope (LSST,
LSST Science Collaboration et al. 2009), the detectabil-
ity distance is around 600 Mpc, and the expected event
rate is 9–180 yr−1, making the detection of PIATs pos-
sible. However, we should note that the event rate
of PIATs involves some uncertainties. The effect of
wide binaries may not be ignorable, since the separa-
tion distribution is flat in log-space of binary separation,
∝ a−1 (Abt 1983). Although PIATs in the wide bina-
ries with WRs are faint, the wide binaries with differ-
ent progenitors (BSGs or RSGs) may increase the event
rate. Also, the star formation rate is higher for higher
redshift, so we could expect that the BBH formation
rate has the same tendency (e.g., Inayoshi et al. 2016;
Mandel & de Mink 2016). In this case, the event rate
in the local universe is likely to be lower than the GW
rate.
This type of transient can also be observed in soft X-
ray surveys, such as the extended ROentgen Survey with
an Imaging Telescope Array (eROSITA; Merloni et al.
2012). If the total wind energy is higher than the ini-
tial ejecta energy, a forward shock produced by the wind
can break out from the ejecta (Matzner & McKee 1999;
Metzger et al. 2014; Murase et al. 2015). A detailed
prediction would require at least one-dimensional radi-
ation hydrodynamical modeling, which is beyond the
scope of this paper.
There could be other PIATs occurring throughout
the life of a BH-massive star binary. One possibil-
ity arises during the common envelope phase, in which
the secondary ejects a large amount of hydrogen en-
velope (Belczynski et al. 2016). The primary BH ac-
cretes the common envelope of ρ ∼ 3Menv/(4pia
3) ∼
1 × 10−8 g cm−3 for Menv ∼ 30 M⊙ and a ∼ 10
14 cm.
Using the Bondi-Hoyle-Lyttleton rate, the mass accre-
tion rate is estimated to be 2 × 10−6 M⊙ s
−1, where
we use v ∼
√
GMBH/a ∼ 4 × 10
6 cm s−1. Thus, it
might be possible to have luminous transients powered
by this huge accretion luminosity. Another possibility
are supernova impostors, in which the evolved secondary
ejects a large amount of its envelope (Smith et al. 2011).
The mass of the ejected material is estimated to be 0.01–
10 M⊙. Since the accretion rate and the wind luminosity
are proportional to the ejecta mass, the supernova im-
postors could in principle induce more luminous PIATs
than what occurs at the BBH formation.
The PIAT transients considered here leave an accre-
tion disk around a BH in a BBH, which a few years
later becomes neutral due to radiative cooling, thus nat-
urally creating a fossil disk in which the angular mo-
mentum transport is inefficient (e.g., Perna et al. 2014,
2016; Kimura et al. 2017b). This fossil disk can remain
for millions of years until the BBH merges, resulting
in the possible electromagnetic counterparts of GWs
from BBHs (Murase et al. 2016; Kimura et al. 2017b;
de Mink & King 2017).
The spin of the primary BH can also affect the light
curves of PIATs. If the primary has a high spin, a
relativistic jet is launched when the primary accretes
the ejecta (Blandford & Znajek 1977; Komissarov 2004;
Toma & Takahara 2016). If the jet can penetrate the
ejecta, GRBs of long duration (t ∼ 103 s) and very low-
luminosity (Liso ∼ 10
47 erg s−1) may be possible. On
the other hand, if the jet dissipates most of its kinetic
energy inside the ejecta, the resultant transients might
be similar to PIATs. The condition for the jet to pene-
trate the ejecta depends on the detail of the geometry,
7which is beyond the scope of this paper.
Other formation channels to form a BBH involve bi-
naries consisting of a BH and a blue supergiant (BSG)
(Kinugawa et al. 2014; Inayoshi et al. 2017). Since some
BSGs have very compact cores, they can eject very
little amounts of their outer material, which is un-
likely to produce PIATs. If the cores of BSGs are
not very compact, BSGs can eject their envelopes of
∼ 0.1 M⊙ (Ferna´ndez et al. 2017). Red supergiants
(RSGs), which also collapse to BHs, can eject large
amount of their envelopes (
∼
> 1 M⊙) when collapsing
(Lovegrove & Woosley 2013). Thus, it is possible that
BH-RSG and BH-BSG binaries could produce PIATs.
However, our spherically symmetric treatment would
not be accurate for such cases, because of the very large
separation (a > R∗ ∼> 10
13 cm).
4.2. Caveats
Although for simplicity we have used a spheri-
cally symmetric formulation, there are substantial non-
spherical effects possible in this system. One is the effect
of the finite binary separation, which means that the en-
ergy source (primary BH) is not located at the center of
the ejecta. This might affect the initial evolution of the
ejecta, whose quantitative discussion would probably be
subject to change. Another is the effect of the wind.
We assumed some tuning so that the opening angle is
wide enough that we can approximate it as spherically
symmetric, while the wind is not completely isotropic
so that the ejecta density profile at the mid-plane does
not change much. In reality, the wind from an accretion
flow might be more bipolar-like (Sa¸dowski et al. 2014;
Takahashi et al. 2016). The ejecta density profile is also
probably affected by the wind, so that the accretion rate
might be modified. It is beyond the scope of this pa-
per to investigate these effects, which would require 3-
dimensional radiation hydrodynamic calculations.
We assumed for simplicity that all the kinetic energy
of the wind is converted into the radiation energy of
the ejecta, and we now discuss the validity of this as-
sumption. The wind kinetic energy is first converted
to the thermal energy of protons at the reverse shock.
The electrons inside the shocked region are heated
up by Coulomb collisions and other plasma processes.
When the electrons become energetic enough, the
bremsstrahlung cooling time becomes shorter than the
Coulomb loss timescale (Takahara & Kusunose 1985).
In addition, the Compton cooling is also efficient for the
relativistic electrons. If we consider only the Coulomb
heating in the far downstream, the electron temper-
ature may be around kBTe ∼ mec
2. Then, the en-
ergy loss time of the protons due to Coulomb losses
can be estimated to be tcool ≈ (mp/me)/(ρpsκc ln Λ) ≃
1.3 × 103M
−3/2
∗,1 R
3/2
∗,11.5a
3
12Mej,−2χ
3
−0.16V
3
10 s, where ρps
is the density in the post shock region and lnΛ ∼ 30
is the Coulomb logarithm (Takahara & Kusunose 1985;
Kimura et al. 2014). Here, setting t = tdur, we have
used ρps ∼ Lw/(2piR
2
wsV
3
w). Since tcool < tdyn ≈ tdur
is satisfied at t = tdur, the wind kinetic energy can be
converted into radiation energy. In reality, the Comp-
ton cooling can also be relevant, so that the cooling of
electrons may be even stronger than the above estimate.
The parameters for the wind are also subject to large
uncertainties. We implicitly assumed that the circu-
larization radius of the accreted material is not large.
However, if the circularization radius is too large, a con-
siderable amount of gas could escape from the accre-
tion disk as an wind before arriving near the primary
BH (Hashizume et al. 2015). This may reduce the net
accretion rate, causing the PIATs to be fainter. Be-
sides, although we use parameter sets consistent with
recent simulations and observations (Hagino et al. 2015;
Takahashi & Ohsuga 2015; Narayan et al. 2017), lower
Vw and ηw are possible. In this case, PIATs would be
dimmer and redder as shown in Equations (9), (10),
(12), and (13).
Another caveat is that we used a one-zone approxima-
tion to estimate the light curves. In reality, the physical
quantities have a radial dependence which may compli-
cate the features of the transients. The circum-binary
medium is possibly polluted by material ejected by a
stellar wind, ejection of the common envelope and/or su-
pernova impostors, which could affect the light curves.
Atomic recombination processes may also modify the
light curves when the ejecta cools down to a few 104 K.
One dimensional modeling including above effects gives
us more precise predictions.
Finally, we mention the parameter dependence of PI-
ATs. For bright PIAT-Is to occur, Ew > Eej,i should be
satisfied. This condition breaks down for models with
a few times smaller R∗, larger a, higher ξ, or lower Vw
than the reference model. In these cases, we expect the
dimmer transients (PIAT-IIs or failed SNe; see Section
3.2 and 3.3). Considering models with higher Ew would
be a bit extreme, since the reference model is fairly op-
timistic. Besides, M∗ should be around 10 M⊙ because
tidal synchronization might take place for higher M∗
(see Paper I), and a BH is not formed for lower M∗.
Models with lower ηw and higher or lower Mej are also
possible, which would change the luminosity as shown
in Equations (9) and (12). These parameters have their
distributions, and the luminosity function could be cal-
culated using these parameter distributions. However,
most of the parameters related to binaries, ejecta, and
disk winds are quite uncertain. We need to understand
better the winds from super-Eddington accretion and
the evolution of massive star binaries, in order to obtain
a reliable luminosity function.
85. SUMMARY
We investigated a type of transients named PIATs,
which arise from newborn BBHs formed from BH-WR
binaries, within the context of isolated binary evolution
scenarios. When the secondary collapses to a BH, it
ejects a fraction of the outer material of the secondary.
Then, a part of the ejecta naturally accretes onto the pri-
mary BH, and the accretion rate can exceed the Edding-
ton rate, owing to the high density of the ejecta. As a re-
sult, the primary BH may produce a wind which injects
a significant amount of energy into the non-accreted
ejecta. This powers a PIAT whose kinetic energy reaches
∼ 1048 ergs for optimistic parameters. The bolometric
luminosity of this transients can be∼ 1040−1042 erg s−1,
and the U -band absolute magnitude ranges from ∼ −11
to ∼ −14, with a duration of around a few days.
PIATs can be distinguished from usual SNe by
their weaker peak luminosity and shorter duration,
and from macronovae/kilonovae by their strong helium
lines. Recently, rapid transients of timescale around a
day to a week have been observed (Drout et al. 2014;
Tanaka et al. 2016). Although the timescale of the ob-
served transients is comparable to our predictions, the
observed magnitudes seem much smaller.
Since the systems considered in this work are ex-
tremely close binaries, the tidal force could distort the
structure of the WRs, which could be considerably dif-
ferent from that predicted by the spherically symmet-
ric stellar model. However, modeling the binary evolu-
tion including tidal effects is beyond the scope of this
paper, which remains as a future work. The tidal ef-
fect is also expected to synchronize the spin period of
the WR to its orbital period. In the accompanying pa-
per (Kimura et al. 2017a), we propose wind-driven tran-
sients associated with the BBH formation, in which the
tidal synchronization takes place in the secondary star.
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